Abstract. The aim of this paper is to propose a simplified methodology to evaluate the mechanical performances of buildings exposed to landslide hazard, by using procedures inspired from the seismic risk analysis, such as the Capacity Spectrum Method (ATC 40, 1996). Landslide hazard involves so many aspects, that quantitative vulnerability assessment requires to consider one basic scenario at a time, i.e. one typology for the landslide hazard and one for the structural element considered. In this paper, we propose to assess vulnerability for simple one bay-one storey reinforced concrete (RC) frame structures subjected to differential settlements, using 2-D parametric nonlinear static time-history analyses. After a short review of methods used in practice to estimate building deformations induced by ground movements (e.g. differential settlements), we present the parametric studies carried out to identify the most relevant parameters, in order to predict the structural damage, as well as the methodology to develop analytical fragility curves, that can be used to quantitatively evaluate the structural vulnerability in landslide risk analyses. Different types of parameters that could influence structural behaviour have been examined in this analysis: foundation type (i.e. different combinations of links), cross-section geometry, section reinforcement degree, displacement magnitudes and displacement inclination angles. We show that the magnitude and inclination angle of displacements can be used as two relevant parameters for this type of landslide scenario. Based on these results, some simulations are conducted using the software SeismoStruct (SeismoSoft, 2003) , and the proposed structural damage levels consider the local strain limits of steel and concrete constitutive materials. Some preliminary fragility curves are proposed with respect to the magnitude of differential ground displacement. It can be seen that the curves correspondCorrespondence to: C. Negulescu (c.negulescu@brgm.fr) ing to limit states LS2 (moderate damage) and LS4 (complete damage) in the present study, correspond respectively to the "tolerable settlements" "observed intolerable settlements" curves proposed by Zhang and Ng (2005) .
Introduction
Landslide risk analysis is inherently complex. The greater difficulties in achieving reliable results for landslides in comparison to other natural threats, such as earthquake or floods, as highlighted in literature, are due to the complexity in modelling landslide hazard, in identifying relevant intensity parameters and in assessing vulnerability in a quantitative manner. According to many authors (e.g. Glade, 2003; Douglas, 2007) , several prominent factors contribute to complexity in the case of landslides and some of the reasons explaining the scarcity of vulnerability studies are listed below:
1. the lack of accurate observational data necessary for reliable hazard analysis: only events that caused substantial damages have been recorded and accurate information on the type, characteristics and damages due to the failure are often missing (quantification of a landslide intensity, damage analysis of structures, etc.);
at risk for qualitatively similar landslide mechanism, the wide range of processes and possible characteristics (e.g. size, shape, velocity, momentum) and the numerous categories of damages.
Generally speaking the risk is the convolution between the hazard and the vulnerability of the exposed elements. The same hazard could cause different damages if the structure is in masonry or in RC or if the foundation system is shallow or deep. "Although the state of the art for identifying the elements at risk and their characteristics is relatively well developed, the state of the art for assessment of vulnerability is in general relatively primitive" (IUGS, 1997 ). Yet, whatever the reasons and the difficulties, the quantitative assessment of vulnerability to landslides should be improved, by following for instance the advances made in earthquake risk assessment (Douglas, 2007) .
In the next sections, we will first make a short review of the main methodologies used in practice, to assess damages to buildings subjected to ground movements. Then, we will present the model parameters and numerical schemes used for analysis in this paper. Results of the parametric studies carried out, in order to identify the parameters most relevant for prediction of the structural damage, are also discussed. Then, we present the methodology adopted to build analytical fragility curves, which express the probability of reaching a given damage state of the structure for a given intensity of hazard (e.g. differential displacements in our case). When comparing the proposed fragility curves with some empirical curves existing in literature for the same typology of ground movements, we see that a good agreement is reached. However, the proposed curves will have to be further validated on more observation date, in order to be used for quantitative assessment of the structural vulnerability in landslide risk analyses.
Review of methodologies to assess damages due to ground movements
Regarding methods to predict building damages due to foundation movements and settlements, classifications and comparison prove to be a difficult task, as a large number of criteria can be used and there is no unified terminology describing the types of movements and the deformations experienced by the foundation. Classifications can be done using either by the building typologies (masonry, RC frame, RC wall) or the associated modelling methods (simplified approach, detailed model, etc.). We may distinguished three categories of methods:
-Empirical methods (e.g. Skempton and MacDonald, 1956; Polshin and Tokar, 1957; Sowers, 1962; Bjerrum, 1963; Rüsch and Mayer, 1964; Beeby and Miles, 1969) , which aim at establishing criteria of serviceability by relating the deformation observed from field surveys to the damage.
-Methods using structural engineering principles (Burland and Wroth, 1974; Boscardin and Cording, 1989; Boone, 1996; Finno et al., 2005; Bird et al., 2005a,b) .
-Methods based on numerical modelling (e.g. see Burd et al., 2000) . Skempton and MacDonald (1956) and Polshin and Tokar (1957) were the first to derive recommendations on allowable settlements of structures based on empirical methods.
Recommendations from Skempton and MacDonald (1956) are obtained by treating data collected from settlements and damage observations on 98 buildings from which 40 showed signs of damages. The damage criterion that they used is the "angular distortion" defined as the ratio of the differential settlements and the distance between two points after eliminating the influence of the tilt of the building. Based on their observations, they reported a range of limit values depending on the type of building or foundation, to determine the magnitude of differential foundation movement that will cause cosmetic, i.e. architectural damage to structures, or more seriously, structural damage. For instance, they propose a limit value of 1/300 for "angular distortion" corresponding to a threshold for crack initiation in walls and finishes. They note also that a value greater than 1/150 would cause structural damage. These recommendations have proved to be in reasonable agreement with further studies (Burland and Worth, 1974) , especially for frame buildings. Polshin and Tokar (1957) recognise different modes of deformation for different types of buildings, so that they treat separately unreinforced load bearing walls and frame structures. They define some limit criteria which depend on the "slope" (difference of settlement of two adjacent supports relative to the distance between them), the "relative deflection" (ratio of deflection to the deflected part length) and the average settlement under the building. These criteria are in concordance with the values proposed by Skempton and McDonald (1956) and are also in agreement with the results obtained later by Burland and Worth (1974) .
Generally, empirical methods refer to the damage induced by settlements due to the own weight of the structure. Despite the uncertainties related to all of these methods, guidance for tolerable movements are based on observations of building movements and the resulting damages. Limit values proposed by Polshin and Tolkar (1957) have been incorporated into the 1955 Building Code of the URSS.
As for methods based on structural engineering principles, the most emblematic and wildly used literature study on settlement-induced damage is the one published by Burland and Wroth in 1974. In their paper, they analyze the damage due to the foundation movement, as well as the interaction between the structure and the underlying ground.
They propose a new fundamental approach for building damage assessment, in which they replace a simple structure by an equivalent uniform, weightless, elastic beam of length L, height H , and unit thickness (the Deep Beam Method, see Fig. 1 ). Then, they define a criterion for initial cracking based on the calculation of tensile strains developing in the beam. In order to assess the factors related to soil-structure interactions, they first evaluate the ground settlements at an equivalent site with no overlying building (so called 'greenfield' settlements) and setting lateral strains to zero. Then, they impose the obtained displacements on a structural model of the building in order to assess the expected damage. This approach is interesting as it relies on sound theoretical backgrounds for damage induced by ground movements, which was new with regards to the previous works based on empirical observations only. However, a main issue concerns the difficulty to provide guidance on the selection of the equivalent beam features (e.g. equivalent rigidity), especially when dealing with a multi-story structure. Boscardin and Cording (1989) have complemented Burland and Wroth's concepts by including the effect of horizontal strain developing in the ground due to settlements. They note that this effect depends on the lateral stiffness of the structure. For instance, a frame structure would be more affected by horizontal ground strains than a structure with reinforced concrete walls supported by continuous footings or with stiff floor systems. Based on the results of their studies, they define categories of damage by developing relationships between the horizontal strain and the angular distortion (Fig. 2) . Boone (1996) proposes a Strain Superposition Method (SSM) that uses both equations of fundamental geometry and engineering principles, in order to assess damage to the constructions. The SSM assesses the building damage by taking into consideration ground deformation patterns, damage category criteria and strain concept, but its complexity requires careful calculations and delicate definition of the problem conditions. The results obtained using the data from over 100 case histories of damaged building treated with Boone's approach, are in reasonable agreements with those obtained by Boscardin and Cording's approach.
The approach proposed by Bird et al. (2005a,b) , uses analytical solutions to assess the expected damage of existing RC frame buildings due to liquefaction-induced differential ground movements. It proposes equations in order to represent the deformational capacity of the critical column, by applying principles of displacement-based assessment, semiempirical and semi-mechanical approaches, while the column deformational demand related to ground motions is derived geometrically. In this approach, the structure deformation is idealized in four cases considering differential vertical settlements and lateral movement associated with horizontal and vertical components. A first limit state is defined using concrete and steel yield strains and geometrical properties of the section. The authors propose also a second and a third limit state, each one depending on the admissible strain values for both materials separately. Only bare reinforced (Burland and Wroth, 1974). concrete frame buildings are considered in this approach and the foundation deformation is assumed to be equal to the free-field deformation. Interesting conclusions arise from the results of this study regarding the damage mechanisms due to ground failure and the displacement demand of the floor columns. One important one concerns RC frame structures, for which the displacement demand is concentrated to the ground floor columns, as the upper stories generally rotate as a rigid body. Also, the authors show that for a single-bay case, deformations take place in the column rather than in the beam.
Several methods developed over the years are based on movements caused by structure settlements due to its own weight, and do not consider the externals factors that could induce deformations (tunnelling, excavations, ground heaving, liquefaction, etc.). These factors together with the crucial need for quantifying the deformations in case of key buildings (e.g. schools, hospitals, historical monuments) lead (Boscardin and Cording, 1989) .
to using more sophisticated methods, such as finite elements (FE), etc., in order to estimate settlement-induced damages.
Two trends can be observed in FE calculations:
-uncoupled analysis, in which the soil and the structure are studied separately, and the soil settlements profile is imposed to the FE model of the building; -coupled analysis, in which soil-structure interactions (SSI) are modelled.
Interesting conclusions have been reached from FE calculations with SSI (e.g. Burd et al., 2000) :
1. the weight of the building tends to increase the general magnitude of the settlements that develop underneath;
2. the stiffness of the building may act to reduce differential settlements;
3. depending on the building deformation mode (e.g. sagging or hogging), SSI effects may be more or less important, as lateral restraint provided by the ground may reduce the extent of tensile stresses in the building;
4. SSI modelling generally leads to reduced differential settlements for the building.
Contrary to SSI analyses, uncoupled analyses ignore the effects of the building weight and stiffness on the ground settlement profile, which can lead to inaccurate prediction of expected settlements. However, SSI analyses may often be too complex and time consuming for practical vulnerability assessment over wide areas (e.g. urban settlements).
In the present paper, we propose a methodology based on 2-D uncoupled FE analyses, adapted from the standard seismic analysis, and that can be performed for vulnerability assessment of RC frame buildings subjected to differential settlements. In next sections, we first describe the model parameters and numerical schemes considered for analysis. Then, we present the parametric study carried out to identify the most relevant parameters, in order to predict the structural damage, as well as the methodology to develop analytical fragility curves, that can be used to quantitatively evaluate the structural vulnerability in landslide risk analyses.
Description of the case study
In order to identify some response parameters that govern the behaviour of the structure (a RC frame in our case) subjected to differential settlements, as well as to assess the settlementinduced damage of buildings, the proposed methodology has consisted in using 2-D parametric nonlinear static timehistory uncoupled analyses. The main idea was to adapt the standard push-over analysis performed in seismic vulnerability assessment, which consists in setting a lateral force on a building. In the present paper, we have chosen to perform a "pull-down" analysis by imposing a static time-history displacement at one of the RC frame supports. Thus, the considered input aggression, which increases linearly up to an imposed value, is a displacement applied in the frame plane (bottom of one column).
RC frame model
The studied structure is a simple 2-D one bay-one storey cast in-place RC frame, 4 m long (bay) and 3 m high (floor). We assume a uniform section for beams and columns (e.g.
The choice of such a structure is governed by the observation that the building height is not critical in assessing building response due to ground failure, observation which has been confirmed analytically by Koutsourelakis et al. (2002) .
Bird and co-workers (Bird et al., 2005b) show that the displacement demand is concentrated in the ground floor column (if the imposed displacement concerns a marginal column), and that the vertical deformation in level ground beneath a single-bayed frame, places the same deformational demand on the members as in a multi-bayed frame.
Selected material properties are the following: A bilinear stress-strain model with kinematic strain hardening of 0.5% has been used for reinforcement. The in-fills have not been considered here. The section reinforcement degree considered for analysis is 0.7%. For concrete materials, a uni-axial nonlinear constant confinement model was used, assuming a constant confining pressure throughout the entire stress-strain range (Mander et al., 1988) .
Numerical modelling scheme of structural elements
The response of RC elements to static or dynamic loads is usually modelled either by the global response models (GRM), fibre models or FE models.
GRM are based on global hysteretic rules usually defined in force-displacement or moment-curvature relations. These models were intensively used until the development of alternative techniques, such as fibre models. GRM are very efficient and can simulate the response of elements subjected to the combined effect of axial load and uni-axial bending (e.g. beams and columns in 2-D analyses). It becomes extremely difficult to model the effect of bi-axial bending with axial loads, because the hysteretic rules are extremely difficult to define, especially under cyclic and alternating loading.
The 3-D finite element models are not widely used for analysis because there still present several disadvantages related to the complexity of the formulation and computational requirements. Most of the applications refer to the study of local behaviour of structures (e.g. isolated elements and connections).
Currently, fibre models are the most used modelling technique in earthquake engineering, allowing accurate results with computational efficiency. These models have been applied to a great variety of structures (buildings and bridges). However, as they are formulated at cross section level, it is not possible to simulate directly the effect of shear forces, the effect of concrete-steel bond failure and the deformability of joints. As a consequence, fibre models are efficient for elements where flexure is predominant and should not be used for elements under high shear (Combescure, 2001 ).
Since the behaviour of frames subjected to column failure is accompanied by significant cracking and deformation, only nonlinear models are suitable for structural analysis. In order to estimate the structural damage distribution along the member length and across the section area of the structure, the fibre model approach has been preferred in this study.
The sectional stress-strain state of beam-column elements is obtained through the integration of the nonlinear uni-axial stress-strain response of the individual fibres in which the section has been subdivided.
The spread of inelasticity along member length then comes as a product of the inelastic cubic formulation on which SeismoStruct's beam-column elements are based. A two-point Gaussian quadrature is used for numerical integration of the governing equations. If a sufficient number of elements is used (5-6 per structural member) the plastic hinge length of structural members subjected to high levels of material inelasticity can be accurately estimated. More numerical details can be found in SeismoSoft (2003) . For the present analysis, the frame sections were divided into 200 fibres and the structural members, into 4 elements.
Description of the parametric studies
Several characteristics of the model were modified in order to i) evaluate their importance in the structural response and ii) attempt to provide classification criteria for them. Different types of parameters that could influence structural behaviour have been considered in this analysis: foundation type (e.g. different links), cross-section geometry, reinforcement degree, displacement magnitudes and displacement inclination angles. Each of these parameters varies in a range of reasonable values, while the other characteristics are kept fixed.
For example, if keeping fixed concrete dimensions and changing the reinforcement bar diameters, the reinforcement degree of the section varies between 0.5 and 1%. These reinforcement percentages represent poorly confined buildings, which is the case for a large majority of existing one bayone story RC frames. The analysed structure characteristics were chosen in order to be representative for a large number of RC frame buildings. The positive and negative features of the building response regarding the parameters variability are evaluated.
In this parametric analysis, we assume that the differential settlements are transmitted directly to the building, without any interaction between the soil and the structure. It is hence represented by a displacement imposed at the base of the building column (i.e. wall). This methodology is usual in practice to assess the response of a flexible structure with regard to ground movements (Deck et al., 2003) .
In the analysis, a load factor (or multiplier) is used, which permits to define to a number of loading steps to reach the target displacement value (e.g. 15, 25, 35 or 45 cm). Figure 3 gives a schematic view of the frame and loading considered in analysis, with displacements applied in the plan of the RC frame structure, as well as the frame sections for which the building response is checked at each loading step, in terms of stresses, strains, efforts and curvature. The indicated section numbers are then used as abscissas for analysis charts (e.g. stresses, strains).
The following variations have been considered for inclination and magnitude parameters: -inclination angles: from 0 • (horizontal displacement) to 150 • in opposite trigonometric direction with a step of 15 • ;
-magnitudes of input displacement: from 15 cm to 45 cm, in order to be in agreement with field observations for differential settlements.
All computations were performed with the SeismoStruct program (SeismoSoft, 2003) . Studies presented in Sects. 4.1 to 4.3 consider a fixed square cross-section (40×40 cm 2 ) for the frame elements.
Parametric study on the foundation type
Regarding the sensitivity to the foundation type, hinged and encasing link combinations have been considered for analysis. Results show that the hinged case is in good agreement with the analytical values obtained by a geometrical analysis (see Bird et al., 2005a) . For instance, the demand displacement (final displacement at the top of the loaded column) obtained when imposing a vertical displacement of magnitude 15 cm at the base of the column, is about 12 cm (red line in Fig. 4a ), which is close to the analytical value of 11.25 cm (= 15 * 3/4) proposed by Bird and co-workers. For an imposed magnitude of 45 cm, the computed demand displacement is around 35 cm (blue line in Fig. 4a ), which is to be compared to the analytical value of 33.75 cm (= 45 * 3/4). For the encasing case, we find that values of demand displacements are almost twice lower than the ones obtained for the hinged case (see Fig. 4b ).
For the other parametric studies presented in this paper, we have considered the encasing case only, as it is the most common foundation type for buildings.
Parametric study on the inclination angles
In this study, the building response has been examined with respect to varying inclination angles of the imposed displacements, considering a fixed magnitude (e.g. 45 cm). Figure 5 presents the output stresses computed in each frame section for reinforcement on one hand and concrete on the other hand. For the reinforcement, damage occurs in a section when the computed tensile stress (i.e. maximum stress with usual convention) is greater than the yield limit value fy = 400 MPa. For concrete, damage occurs when the absolute value of computed compressive stress (i.e. minimum stress) is greater than the limit value fc = 21 MPa.
These results show that three classes of structure response can be derived with respect to the inclination angle (encasing case): 0 • -45 • ; 45 • -105 • and 105 • -135 • . For any other angle within these intervals, the structure behaviour will not change considerably and the critical elements of the frame will be the same.
Within the first class (0 • -45 • ), it seems that the behaviour of the frame structure is governed by the horizontal deformation of the foundation, meaning that the vertical component (small in this class) can be neglected without consequences for damage evaluation.
Between 45 • and 105 • (2nd class), the vertical component of imposed displacements seems to govern the structure damage when imposing a large magnitude of displacements (e.g. 45 cm): the reinforcement stress distributions in frame sections are similar to the stress distributions for a vertical imposed displacement (90 • ). Moreover, the frame sections are more stressed for a true vertical component (90 • ) than for other angles within this class.
For the last class (above 105 • ), we see that the response of the structure, in terms of stresses, has approximately the same trend and the most critical section is the bottom section of the right column, at which displacements are imposed.
Parametric study on the displacement magnitudes
In this study, we have considered varying imposed displacement magnitudes, incrementing by 10 cm from 15 to 45 cm, and fixing the inclination angle. However, different inclination angles chosen within the three classes seen in Sect. 3.2, have been considered for analysis. Results for 30 • , 75 • and 135 • are presented in Fig. 6 .
For inclination angles lower than 45 • (e.g. Fig. 6a ), the increase in displacement magnitude leads to a maximum stress variation for both concrete and steel occurring essentially in frame Sect. 1, which corresponds to the bottom of the left column. This behaviour can be compared with the one of a simple bending cantilever. We also note that for a given magnitude, stress levels in Sect. 9 (bottom of the right column) are lower for 30 • than for 0 • (horizontal displacement). Finally, except for the bottom sections of both columns, the other frame sections seem to be insensitive to the variation of displacement magnitude.
For all displacement magnitude and inclination angles between 45 • and 105 • (e.g. Fig. 6b ), the reinforcement reaches the yielding limit in all the studied frame sections (except Sect. 6), while the stresses in the concrete remain inferior to 16 MPa.
For the inclination angle greater than 105 • (e.g. Fig. 6c ), we see that the compressive concrete stresses in Sect. 9 (bottom of the right column) increase with the increase in displacement magnitudes (about 10 MPa from 15 cm to 45 cm), which could be foreseen. 
Parametric study on the frame cross-section
In this last parametric study, we have considered different geometric dimensions for the frame cross-section, replacing the previous square section (section ratio SR equal to 1), by rectangular ones with SR = 0.5 and SR = 2 (see Fig. 7 ). The structure response was evaluated considering these three ratios and with different inclination angles. From the results, we observe that the most critical ratio corresponds to SR = 2. Moreover, for inclination angles inferior or equal to 30 • or superior or equal to 135 • , this ratio leads to excessive yield stresses for concrete and reinforcement in bottom sections of both columns.
Comparing for instance, results obtained with ratios SR = 0.5 and SR = 2, considering various inclination angles and a fixed magnitude value of 15 cm, we note that the concrete compressive stresses are lower for SR = 0.5 than for SR = 2 (Fig. 8) . In this latter case, the compressive yield is exceeded in critical Sects. 1 and 9 (i.e. bottom of the columns, as shown on Fig. 3 ).
Conclusion of the parametric studies
We have seen in the previous sections that displacement is a key parameter that can be considered as an intensity parameter to establish the damages induced on the structure. By using an imposed displacement with varying magnitudes and/or inclination angles, it has been possible to identify the failure mechanism of the frame structure, knowing geometric and material properties of the structures within a building class. Contrary to the seismic vulnerability assessment of frame structures, where two failure mechanisms are generally considered (displacement capacities of column-sway or soft-storey; beam-sway or distributed damage), the previous parametric studies have shown that a column failure mechanism prevails in case of settlements.
These results obtained by investigating the effects of each parameter on the frame behaviour in terms of yield stresses and strains values, have permitted us to build analytical fragility curves. In the following sections, we present the identified damage limit states related to intensity or aggression values (e.g. differential settlements), as well as the methodology for building fragility curves for the studied RC frame structure. Table 1 . Limit strain states suggested by Bird and co-workers, for reinforcement steel and concrete materials, considering poorly and well confined buildings (see Bird et al., 2005a 
Identification of damage limit states
It is not frequent to have building failure due to differential settlements. Excessive foundation settlement is generally regarded as a serviceability problem. There is rarely any problem for human life, but rather the structure experiences distress such as cracking of structural or architectural elements, uneven floors, or inoperable windows and doors. A challenge in vulnerability assessment is to build some fragility curves, which express the probability of reaching a given damage state of the structure for a given intensity of hazard (e.g. differential displacements in our case). This fragility needs to be defined by means of objective criteria. Whereas some global damage indicators are widely used in seismic vulnerability assessment, no such criteria are yet available in the case of landslides.
In this paper, we have chosen the local damage indicators based on allowable values of material strains (concrete and steel), as proposed by Bird et al. (2005a,b) . The corresponding limit strain states are given in Table 1 , according to the quality of the construction. The first damage state, LS1 (slight damage), is directly connected to the strain at yield strength, which is 0.002 for both concrete and steel. First damage state LS1 and post-yielding damage states considered in the present study, ranging from moderate (LS2) to complete (LS4) damage, are given in Table 2 . 
Fragility curves
The fragility curves presented in Fig. 9 were obtained for the studied RC frame building considering the encasing case. Each curve gives the conditional probability of exceeding a specific limit state or level of damage (LS1 for yielding strain limit; LS2 to LS4 for post-yielding limit states, as defined in Table 2 ), over a range of ground motion intensity (differential settlements in our case). A total of 55 cases were considered in our analysis, which include the variations of displacement magnitudes (maximum value equal to 45 cm), inclination angles (from 0 • to 150 • ), degrees of reinforcement (0.5%, 0.7%, and 1%) and section ratios (SR = 0.5, 1, and 2).
Each fragility curve is obtained by counting, for different values of imposed differential settlement d (hazard parameter), the number of situations out of the 55 computed cases, that have led to the desired limit damage state LSk: these probabilities, represented by discrete points on Fig. 9 , can then be fitted into a curve, usually representing the cumulative function of a normal distribution, as described by Shinozuka (1998) and Shinozuka et al. (2000) . The functional form is presented in Eq. (1):
where φ is the standard normal cumulative distribution function. α k represents the median value, meaning that for instance, in case of LS1, 50% of the studied cases will result Table 3 .
Validation of the proposed fragility curves
The validity of these analytical fragility curves has been verified with some empirical curves derived from building observations or expert judgment. The empirical curves provided by Zhang and Ng (2005) , are constructed by using values of the mean and standard deviation of the limiting tolerable and intolerable settlements from 95 observations for which information on building, foundation and settlements were available. Table 4 provides a summary of the number of buildings (out the 95), observed in each state ("tolerable" or "intolerable" case), with respect to different settlements intervals, and considering different foundation types (shallow foundations only and all types of foundations). Table 5 gives the values for the corresponding mean and standard deviation parameters. 9 (25-50) In Fig. 10 , we show the comparison between these empirical curves and the analytical fragility curves proposed in this paper, considering the shallow foundation case. It can be seen that the curve built for limit state LS2 (moderate damage) is in good agreement with the empirical curve for tolerable settlements as proposed by Zhang and Ng (2005) . The curve built for limit state LS4 (complete damage) corresponds to the observed intolerable settlements one.
In Fig. 11 , we show also the comparison with the building damage functions to Permanent Ground Displacement (PGD) for shallow foundations, as provided by HAZUS (2003) 1 (values indicated in Table 6 ). These functions are based on engineering judgment related to building Fig. 10 . Comparison between the proposed analytical fragility curves and the empirical ones provided by Zhang and Ng, corresponding to the settlements observed on 95 buildings (see Zhang and Ng, 2005). fragility. It can be seen that the HAZUS values proposed for settlements are in good agreement with the ones obtained from the proposed LS4 curve (complete damage), contrary to the lateral spread case. However, these comparisons seem encouraging, but we see that in order to further validate the proposed methodology and related fragility curves, there is a strong need of more observational data, actually lacking in current landslide databases or real case studies that can be useful for such analysis.
Discussion
All numerical simulations were carried out under a oneway static loading, which cannot account for the strength degradation due to cyclic loading. Hence, for a structure subjected to dynamic loading, the numerical model overestimates the strength of the column beyond a certain number of cycles.
However, the numerical modelling approach allows to perform parametric studies and hence, to investigate the influence of different parameters on the structure response. Comparison of the results gives a better understanding of the structure behaviour, as well as possible damage assessment.
It may be argued that the chosen case study (RC frame building) is too simple to be representative for a real class of buildings. Nonetheless, such a simple structure is useful, as it allows focusing on key, but "basic" parameters, leading to a better understanding of the structure behaviour. It permits hence to determine the possible methodology to be employed in order to assess damages. Once the procedure is well established and tested for a number of simple models, it is possible to further extend the methodology to more complex structures, adopting a probabilistic framework useful for practical applications. 
Conclusions
Our main objective in this work was to establish analytical fragility curves useful for landslide vulnerability assessment (differential settlements in this case), with respect to a selected intensity-measure parameter. For this purpose, a number of parametric studies have been carried out, which consisted in 2-D nonlinear static time-history analyses performed on a simple one bay-one storey reinforced concrete (RC) frame structure, in order to identify one or several response parameters that govern the structural behaviour when subjected to differential settlements. The considered input aggression, which increased linearly up to an imposed value, was a displacement applied directly at the bottom of the right column in the frame plane, neglecting the soil-structure interactions. The results of the parametric studies have revealed that the parameters affecting the behaviour of the frame elements are the displacement magnitude and inclination angle. Moreover, three classes have been derived with respect to the inclination angle (encasing case): 0 • -45 • ; 45 • -105 • and 105 • -135 • . For any other angle within these intervals, the structure behaviour will not change considerably and the critical elements of the frame will be the same.
Between 45 • and 105 • (2nd class), the vertical component of imposed displacements seems to govern the structure damage. Moreover, the frame sections are more stressed for a true vertical component (90 • ) than for other angles within this class.
For the last class (105 • -135 • ), it has been shown that the most critical section is the bottom section of the right column, at which displacements were imposed.
A challenge for landslide vulnerability assessment is to define some damage limit states that may be wildly recognised as for those defined in seismic vulnerability assessment. Attempts to define such limit states have been made and a way is to specify allowable values of concrete and steel strains for the considered structure type.
Finally, the deterministic results obtained from the parametric studies were used in order to built analytical fragility curves. The first comparisons of the proposed curves with empirical ones found in literature, lead to a quite good agreement, but the proposed methodology and related fragility curves need still to be further validated with more observational data, relevant for such analysis and which is actually lacking in current landslide databases or real case studies.
